Objective.-With the ultimate goal of finding a straightforward protocol for acclimatization at simulated altitude, we evaluated the early effects of repeated short-term exposure to hypobaric hypoxia on the respiratory response to exercise in hypoxia.
Introduction
The increasing popularity of high mountain areas for sport and tourism and for professional reasons has created a parallel rise in altitude illness and has stimulated interest in human physiological response to hypobaric hypoxia. A straightforward protocol of preacclimatization at simulated altitude would be useful to reduce altitude pathologies in altitude workers. climbers, and res-
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cue teams, if, as is usual, they are not based at high altitude.
Acute exposure to altitude induces a series of reversible anatomical and physiological changes that favor survival in this kind of environment. The ensemble of these changes is known as acclimatization. One change is the increase in erythrocyte mass.
Previous studies showed that exposure to hypobaric hypoxia (simulated altitude) induces acclimatization if exposure time is long enough. 1 • 2 Studies performed in our laboratory showed that short or very short, inter-. mittent exposure to hypoxia in the hypobaric chamber stimulates erythropoiesis after 2 to 3 weeks. 3 .4 During an ascent to high altitude. the time needed to increase erythrocyte mass is approximately the same.
On the other hand, acute mountain sickness tends to improve between the second and the sixth day at altitude. 5 ,6 This suggests that other acclimatization mechanisms operate before the increase in erythrocyte mass. Functions such as hemodynamics and respiration have a wide capacity of reserve in healthy people before they show insufficiency due to hypoxia. For this reason, the relationship between clinical signs or symptoms and the extent of hypoxia effects is not linear. The increase in peripheral oxygen requirements during exercise may demonstrate effects of hypoxia that are undetectable at rest. This method is commonly used for the diagnosis of coronary artery disease and other pathologies. The use of exercise in hypoxia to evaluate tolerance to hypoxia has already been described. 7 -9 Following this line of research, we studied the respiratory changes induced by intermittent hypobaric hypoxia exposure that appear before a significant increase in erythrocyte mass.
Materials and methods
Nine subjects were studied: 4 women with an average age of 44.7 years (range, 36-51 years), body mass 58.4 ± 8.4 kg, and height 158 ± 5 em; and 5 men with an average age of 40.4 years (range, 18-49 years), body mass 77.2 ±15.5 kg, and height 169 ± 32 cm. Subjects were members of a group attempting to establish the world altitude record in 4-wheel-drive vehicles by ascending over 6000 m. All subjects were sedentary, did not train regularly, and did not change their habits during the study. Only 2 members of the team could be considered climbers. Both had previous ascents above 7000 m, albeit not during the past 5 years. During the study the subjects did not receive any kind of supplement or special diet that might affect the results. Two of the women were postmenopausal (1 physiological, another after surgery for breast carcinoma some years before). Data were not obtained about the menstrual cycle phase of the other 2 women. 1O Informed consent was obtained from all subjects. The study was performed in accordance with the recommendations of the Declaration of Helsinki.
Exposure to hypobaric hypoxia was performed in the Institut Nacional d'Educaci6 Fisica di Catalunya/Universitat de Barcelona hypobaric chamber with capacity for 12 people, which can simulate altitude up to 6000 m. The protocol consisted of 2 hour sessions each day for 14 consecutive days, resting at a simulated altitude of 5000 m. During exposure, none of the subjects suffered symptoms of intolerance to hypoxia. In order to evaluate the changes induced by hypobaric hypoxia, a tolerance test to hypoxia was designed on the basis of previous studies. 7 -9 The test was performed in a hypobaric chamber and consisted of 4 periods of 5 minutes distributed as follows: 1) rest at sea level, 2) rest at 5000 m of simulated altitude, 3) exercise at 5000 m of simulated altitude, and 4) exercise at sea level. The first test was carried out on the first day of the study and the second on the day after the last exposure.
Ascent to and descent from simulated altitude each take 30 minutes, thus allowing sufficient time for recovery. Exercise was performed on a cycloergometer (Monark AB model, Varberg, Sweden) with a load corresponding to 30% of the theoretical maximum oxygen consumption according to Astrand tables. Arterial oxygen saturation (Sao2) measured by pulseoximetry (Pulsoximeter, Minolta, Japan), expired volume per minute (VE) (Respirometer Medishield Wright, Ohmeda, Japan), respiratory rate (RR) and heart rate (HR; Sport-Tester, Polar Electro, Finland) were measured. Tidal volume (VT) was calculated from RR and VE' The average figures of the fifth measuring minute were taken into consideration.
According to a recent study, I 1 deviation between the results of the pulseoximetry and hemoglobin saturation obtained by arterial puncture is less than 1.8% in the extreme case of Sao2 <75%. For this reason, the correlation between the 2 methods was not studied, and no correction was applied. The respirometer was calibrated at sea level and also at 2500 and 5000 m. In all 3 cases, values were higher than expected, although they were always lower than 5% of the volume administered (15, 30, 45 , and 90 L·min-I ) and, consequently, no correction was applied.
A blood sample to determine packed cell volume (PCV), hemoglobin, and other hematological parameters was obtained by puncture of an antecubital vein. Blood was first extracted before exposure to hypobaric hypoxia. The second blood sample was taken at least 22 hours after the 14th exposure in order to minimize the acute effect of hypoxia exposure on circulating erythrocytes. 12 The PCV value was measured by centrifugation (Haemofuge Heraeus Sepatech, Germany) for 5 minutes at 11 500g of the capillaries with the blood sample and is expressed as a percentage. The hemoglobin was determined by Drabkin's method.
The nonparametric Wilcoxon test for paired samples was used for statistical analysis. Differences were considered significant when P < .05. Values are expressed as the mean ± SD. In one case, the r-Pearson test was used for correlation between Sao2 and VE as in the aforementioned discussion.
Results
A clear increase from 65.2 :t: 9.4% to 71.5 :t: 7.3% in Sao2 in hypoxic exercise was found (P = .02; the figure).
Changes in arterial saturation of hemoglobin (Saoz) in exercise in hypoxia before (hollow bars) and after (filled bars) the exposure program in the hypobaric chamber. Mean values and standard error bars are depicted. Asterisks correspond to significant differences before and after the study (P < .05). NS indicates no significant differences (P > .05).
Minute ventilation and VT during hypoxic exercise increased after simulated altitude exposure (Table) . Heart rate in hypoxic exercise showed a trend to decrease, but the difference was not significant: it ranged from 140 ::!:: 20 beats per minute to 129 ± 16 beats per minute (P = .07). Ventilatory parameters, Saoz, and HR did not change for rest in either normoxic or hypoxic conditions, nor did they change for normoxic exercise.
There were no significant changes in PCV or hemoglobin following the 14-day exposure program.
Discussion
Previous studies conducted in our laboratory consisting of short repeated exposure to hypobaric hypoxia 3 ,4 demonstrated a significant increase in PCV and hemoglobin values only after the second or third week of exposure. These values correspond more or less to the rhythm of recovery from anemia by normal bone marrow. The program of exposure to simulated altitude was designed taking this fact into account, so that changes of a hematological origin could be discarded. Therefore, it is not surprising that the PCV and hemoglobin did not suffer significant changes.
Acute exposure to hypoxia increases adrenergic activity and induces tachycardia. 13 -15 After acclimatization, HR at rest and HR during exercise tend to decrease to Ricart et at normal values some days afterward. 16 Notwithstanding, although HR decreased in this study, it was not significant. We attribute this lack of significance to personal variability in response to exercise in hypoxia and to the small size of the sample. Although we believe this explanation to be the most likely, we cannot rule out the hypothesis that intermittent exposure to hypobaric hypoxia brings forth other factors (cardiac output or stroke volume changes) that may affect results. 17 ,18 Increase of ventilation during hypoxia exposure is a well-known fact.
-
Z1 Following an acute increase in ventilation, there is a further slow increase that continues for days or weeks. Changes in the hypoxia and hypocapnia sensitivity of peripheral and central chemoreceptors and the renal response to alkalosis allows hyperventilation. This fact is considered part of the mechanisms of normal acclimatization. 19 ,zz In our study, intermittent exposure to simulated altitude for as little as 28 hours in total produced a 21.6% increase in ventilatory response during exercise in hypoxia. The efficiency of ventilation may also have improved when we consider that VT increase-instead of RR increase-brings about alveolar ventilation increase. The significant increase in V T is consistent with the findings of most authors,Z3,Z4 who report an increase in VT rather than RR variation.
In part, this increase in ventilation may be responsible for the increase in Saoz, although in our sample the relationship between the increment of Saoz and the increase in VE shows a nonsignificant tendency to a proportional inverse correlation (correlation Pearson test). This fact, if confirmed in future studies, may be consistent with the results of other authors,z5 who found that high ventilation could be related to lower Saoz. Acute exposure to altitude causes a decrease in Saoz, of greater magnitude when exercising, which depends directly on the altitude reached and the exercIse load. The increase in Saoz should be interpreted as an acclimatization phenomenon that takes place before polycythemia. We cannot exclude that an increase in the cardiac output, if there were not important changes in the oxygen consumption with the acclimatization changes, brought about the consequent rise of venous oxygen saturation-not measured in our protocol-and Saoz. 17 ,18 However, the increase found in Saoz after completing the program of exposure to hypobaric hypoxia is probably due to other mechanisms of acclimatization, such as 1) the increase in ventilation, which allows an alveolar Poz increase, 2) changes in the ventilation/perfusion ratio, which allows the decrease in the alveolar-arterial gradient of oxygen, and 3) changes in the hemoglobin-oxygen affinity curve induced by altered Bohr effect, a variation in intraerythrocytic phosphates, or both. All 3 mechanisms may have played a role in this case. 
Intermittent hypoxia and acclimatization
Ventilatory parameters at rest and during exercise test performed at 5000 m of simulated altitude before and after the exposure program to hypobaric hypoxia* The increments in the measured variables in normoxia and at rest in hypobaric hypoxia after completion of the exposure program are not statistically significant in any case. On the other hand, those measured during exercise in hypobaric hypoxia are significant. The relationship between oxygen uptake and the measurable related parameters (HR, stroke volume, cardiac output, pulmonary ventilation, V T , RR, etc) is not linear. For this reason, a small increase in peripheral oxygen consumption caused by exercise may produce a noteworthy increase or decrease in measured variables. In this way, some changes in tolerance to hypoxia provoked by acclimatization, undetected while at rest, may be evident during exercise in hypobaric hypoxia.
We conclude that intermittent exposure to hypobaric hypoxia increases ventilatory response and Saoz during exercise at simulated altitude. These changes, prior to the increase in erythrocyte mass, may be interpreted as acclimatization to altitude. Moreover, monitoring ventilatory response and Saoz during exercise in hypobaric hypoxia may be a valuable instrument to detect the first signs of acclimatization.
